† Background and Aims In hypocotyls of flax (Linum usitatissimum) cadmium-induced reorientation of growth (i.e. an increase in expansion and a decrease in elongation) coincides with marked changes in the methylesterification and cross-linking of homogalacturonans within various cell-wall (CW) domains. The aim of the present study was to examine the involvement of pectin methylesterase (PME) and peroxidase (PER) in this cadmiuminduced CW remodelling. † Methods CW proteins were extracted from hypocotyls of 10-and 18-d-old flax that had been treated or not treated with 0 . 5 mM Cd(NO 3 ) 2 . PME and PER expression within these extracts was detected by LC/MS, by isoelectric focusing and enzyme activity assays. Transcript expression by RT-PCR of known flax PME and PER genes was also measured in corresponding samples. † Key Results In cadmium-treated seedlings, PME activity increased as compared with controls, particularly at day 10. The increased activity of PME was accompanied by increased abundance of both a basic protein isoform (B2) and a particular transcript (Lupme5). In contrast, induction of PER activity by cadmium was highest at day 18. Among the four reported PER genes, Flxper1 and 3 increased in abundance in the presence of cadmium at day 18. † Conclusions The temporal regulation of Lupme and Flxper genes and of their respective enzyme activities fits the previously reported cadmium-induced structural changes of homogalacturonans within the CWs. After PMEcatalysed de-esterification of homogalacturonans, their cross-linking would depend on the activity of PERs interacting with calcium-dimerized blocks and reinforce the cell cohesion during the cadmium-induced swelling.
INTRODUCTION
The control of cell wall (CW) extensibility is one of the ways in which plant growth is directed. CW extension is driven by turgor pressure but is governed by the mechanical behaviour of the CW itself (Jarvis and McCann, 2000) . To support ongoing growth, the CW structure must incorporate new materials and also undergo remodelling. Among CW remodelling enzymes, peroxidase (PER) and pectin methylesterase (PME) are of particular importance. Increased PER activity resulting in the stiffening and lignification of CW has been reported in many plant systems in association with reduced growth rate (Cosgrove, 1997) . Also, the relationship between (a) growth rate and (b) the degree of methylesterification of homogalacturonans (HGAs) as well as PME activity has been demonstrated in many species (e.g. Yamaoka and Chiba, 1983; Knox et al., 1990; Kim and Carpita, 1992; Goldberg et al., 1996; Femenia et al., 1998) including Arabidopsis thaliana hypocotyls (Derbyshire et al., 2007) and developing wood cells of poplar (Siedlecka et al., 2008) .
The main phenotypic symptoms of cadmium (Cd) toxicity consist of an overall reduction of plant growth and acceleration of senescence; however, its impact on the CW ultrastructure has been examined in only a few studies (e.g. Barceló et al., 1988; Douchiche et al., 2007) . Most of the studies on PER and PME in Cd-treated seedlings have been carried out in root, i.e. the organ which is in closest contact with the metal (e.g. Pan et al., 2004) . A few papers have considered the action of PER in Cd-growth regulation (e.g. Chaoui and Ferjani, 2004; Verma et al., 2008) . More generally, an increase in PER activity and gene expression has been reported in plants exposed to biotic and abiotic stresses (reviewed by Passardi et al., 2005) . Interestingly, in Lygodium japonicum treated with copper, uronic acid-rich pectic polymers became highly bound to the other CW components (Konno et al., 2005) , which might be due to the activity of Class III PERs.
It is well-established that heavy metals are polyvalent cations that strongly bind to the negatively charged pectins of the CW, with a net impact of their charge density and the selectivity for the cations (Demarty et al., 1984) . observed a close positive relationship between pectin content and aluminium (Al) accumulation in Zea mays. Moreover, a close negative correlation was found between the degree of methylesterification of pectins and Al concentration in the CW of the maize root apex (Eticha et al., 2005) . The authors observed that the root pectins of a sensitive cultivar were characterized by a lower degree of methylesterification (higher JIM5 and LM7 epi-fluorescence); conversely, the resistant-cultivar CW exhibited a high level of JIM7 epi-fluorescence, indicating the presence of high methylesterified HGAs. Transgenic potato mutants overexpressing PME proved to be more sensitive to Al than the wild type . In rice root apex, a higher proportion of JIM5 epitopes was localized in the sensitive cultivar while an increased PME activity was measured in the presence of Al in both sensitive and tolerant cultivars (Yang et al., 2008) . A fragment highly homologous to Arabidopsis thaliana PME (At3g59010) was isolated from a tolerant Thlaspi caerulescens ecotype exposed to Zn (Hassinen et al., 2007) .
In the course of studies on the variation in pectin structure during the development of hypocotyls in flax (Linum usitatissimum) in various light conditions (Morvan et al., 1991a, b; Burel et al., 1994; Jauneau et al., 1994 Jauneau et al., , 1997 Rihouey et al., 1995a, b; Alexandre et al., 1997; His et al., 1997; Andeme-Onzighi et al., 2000) , it was reported that the growth rate was related not only with the degree of methylesterification of HGAs but also with its linkage within different CW domains. The treatment of seedlings with Cd appeared to be an interesting way to modify hypocotyl development, specifically to reduce elongation and on the other hand to enhance the expansion of tissues. Indeed, marked changes in length and diameter of the hypocotyl, CW thickening, structure and distribution of HGAs were observed within various CW domains (Douchiche et al., 2007) . We hypothesized that PME might be involved in the opposite redistribution of high methylesterified HGAs (containing epitopes recognized by JIM7 antibody; Knox et al., 1990) and low methylesterified HGAs (containing epitopes recognized by JIM5 antibody; VandenBosch et al., 1989) . Based on biochemical data that revealed a Cd-induced increase of the covalent cross-linking of HGAs in the CW of cortical tissues, an increase in PER activity was also hypothesized.
The aim of the present paper was therefore to examine whether the Cd-induced structural changes in HGAs might be related to the regulation of ionically CW-bound PME and PER enzymes. The PME activity and the expression of three specific Lupme genes were compared in Cd-treated and control seedlings. These Lupme genes (Lupme1, AF355056; Lupme3, AF188895; Lupme5, AF355057) were previously identified from RNA isolated from hypocotyls of flax seedlings grown under light (Lacoux et al., 2003; Al-Qsous et al., 2004; Carpentier, 2005) . Also the expression and activity of CW PER isoforms were characterized in relation to four previously identified flax Flxper genes (Omann et al., 1994; Omann and Tyson, 1996) . These analyses were performed when seedlings were 10 and 18 d old, as these two time points define characteristic stages of hypocotyl development: the former corresponding to the end of elongation phase (Morvan et al., 1991a; Al-Qsous et al., 2004) and the latter covering the expansion phase including the enlargement of secondary tissues and the thickening of their secondary wall (Morvan et al., 1991b; Douchiche et al., 2007; Roach and Deyholos, 2008) .
MATERIALS AND METHODS

Preparation of CWs and protein extraction
Plants of flax (Linum usitatissimum L. 'Hermes', a gift of the 'Cooperative Terre de Lin', Normandy, France) were sown, as previously reported, on culture medium containing either 2 . 6 mM Ca(NO 3 ) 2 or 0 . 5 mM Cd(NO 3 ) 2 and 2 . 1 mM Ca(NO 3 ) 2 (Douchiche et al., 2007) and were sampled when they were 10 or 18 d old.
The middle parts of the hypocotyl, i.e. the segment 5 mm (in the presence of Cd) or 10 mm (for the control) above the collar and below the apex, were excised and ground in liquid nitrogen. An aliquot was frozen at 280 8C for RNA extraction and the remaining powder was treated overnight with Triton X100 (0 . 1 % in 1 mM CaCl 2 ) and extensively washed with 1 mM CaCl 2 (Gaffé et al., 1992) . Ionically bound proteins were collected in 3 M LiCl after overnight incubation of the isolated CW in 1 mM CaCl 2 . An aliquot was stored at 4 8C for further measurements of enzymatic activities (without loss of activity for several weeks). The remaining proteins were extensively dialysed against H 2 O in dialysis tubing (Spectrapor 3-3500 C.O., Spectrum Labs, Rancho Dominguez, CA, USA) for electrophoretic experiments. All operations were run at 4 8C. The protein content of each extract was estimated using bovine serum albumin as standard, according to the micro-Bradford procedure (Bradford, 1976) .
Pectin methylesterase (PME) activity PME (EC 3 . 1 . 1 . 11) activity was measured at 25 8C, pH 7 . 5, using 0 . 2 % pectins diluted in 0 . 1 M salt, as previously reported (Gaffé et al., 1992) . The amount of methanol produced during the reaction was controlled using the alcohol oxidase method of Klavons and Bennet (1986) .
PER activity
Haem peroxidase (EC 1 . 11 . 1 . 7) assays were performed spectrophotometrically at 470 nm using 10 24 M H 2 O 2 2 0 . 01 M gaïacol as the substrate, diluted in 0 . 05 M Tris maleate buffer ( pH 7 and containing 1 mM CaCl 2 ). The mixture (1 . 5 mL) was incubated for 10 min at 25 8C and the change in optical density was continuously recorded after the addition of 25 mL H 2 O 2 (Burel et al., 1994) .
Electrophoretic procedure SDS -PAGE was performed in 12 % gel polyacrylamide in a mini-protean II system (Biorad, Hercules, CA, USA), according to Laemmli (1970) . Electrophoresis was run for 1 -1 . 5 h (from 60 to 220 V). Polypeptides were detected using silver or Coomassie brillant blue R250 staining. For silver stain, each band of gel was placed in 50 % ethanol/10 % acetic acid for 2 h. The gel was then transferred to 50 % ethanol for three changes of 20 min each, incubated in 0 . 02 % sodium thiosulfate and briefly rinsed in deionized water. Next the gel was placed in 0 . 1 % AgNO 3 and 0 . 28 ‰ formaldehyde for 30 min, rinsed with deionized water and developed in 1 . 2 % Na 2 CO 3 , 0 . 037 ‰ formaldehyde solution. The reaction was stopped by washing the gel in 2 % acetic acid.
IEF gel electrophoresis (Multiphor II, LKB-Pharmacia, Saint-Quentin-en-Yvelines, France) was performed within a 3 . 5-10 . 0 pH range as previously described (Mareck et al., 1995) . An aliquot (10 mL containing 0 . 1 PER to 0 . 5 PME nkatal enzyme activity) was loaded to the wells at 3 cm from the anode side. After electrophoresis, the pH gradient was determined using a contact electrode.
Gel staining procedures to reveal PME and PER activities PME activity was visualized using the citrus pectin -agar technique and ruthenium red staining (Gaffé et al., 1992) . PER activity was revealed directly on the IEF gel using H 2 O 2 2 gaïacol or H 2 O 2 -chloronaphthol, and staining was further stabilized with Coomassie blue solution (Burel et al., 1994; Bruyant et al., 1996) .
Identification of peptides
After SDS-PAGE using 20-60 mg of protein, the polypeptides were visualized by R250 Coomassie blue, excised and tryptically digested with an automatic digester (MULTIPROBE II, Perkin-Elmer, Waltham, MA, USA) according to the protocol previously described (Collet et al., 2008) . After freeze-drying, the peptide extracts were resuspended in 8 mL of 0 . 05 % trifluoroacetic acid/0 . 5 % acetonitrile. The samples were analysed by nano LC/MS/MS (Vilain et al., 2004) . A 5-mL aliquot of the sample was injected onto an Ultimate nanoLC system (Dionex-LC Packings, Voisins le Bretonneux, France). Peptides were enriched and desalted on an RP-C18 trap column, and separated on a 75-mm ID*15 cm C18 column. A 45-min linear gradient (10 -45 % acetonitrile in 2 . 2 % formic acid) at a flow rate of 200 nL min 21 was used. The eluent was analysed on a Q-TRAP System (Applied Biosystems, Courtaboeuf, France) equipped with a nanospray source. For protein identification, MS/MS peak lists were extracted and compared with the NCBInr protein database restricted to Viridiplantae, using the MASCOT MS/MS Ions Search toll (http://www.matrixscience.com/cgi/search_form. pl?FORMVER=2&SEARCH=MIS).
Reverse transcription and analysis of gene expression by PCR
Total RNA was prepared using an RNA extraction kit (Nucleospin RNA plant, Macherey-Nagel, Düren, Germany) and DNase I (Promega, Madison, WI, USA) from 200 -400 mg of hypocotyls. Two micrograms of total RNA were reverse-transcribed to cDNA using an oligo-(dT) of 17 bp, 30 units of the AMV reverse-transcriptase (Promega) and 40 units of protector RNasin inhibitor (Promega). The resulting cDNA was then diluted to 100 ng L 21 for use in PCR reactions. The absence of genomic DNA contamination was tested performing two PCR reactions: one with the diluted first-strand cDNA and the other with total RNA products that were not treated with AMV reverse-transcriptase.
Semi-quantitative RT-PCR was performed in a final volume of 20 mL with 1 . 2 mL of the diluted cDNA, 0 . 5 units of GoTaq Polymerase (Promega), 5 mM dNTPs, and 10 pmol of each gene-specific primer (Table 1) . After an initial denaturation step of 4 min at 94 8C, the following thermal amplification was used: 45 s at 94 8C, 1 min at the specific annealing temperature and 30 s at 72 8C. The number of cycles was adjusted for each gene studied to obtain a detectable signal without reaching saturation. Because a flax actin gene showed some variation in its expression under Cd treatment, elongation factor LuEF1a was used as the constitutive control (Roach and Deyholos, 2008) . Eighteen microlitres of the amplification products were loaded on a 1 . 2 % (w/v) agarose gel stained with ethidium bromide and run at 100 V for 30 min.
RESULTS
Ionically bound proteins
The total amount of ionically bound proteins (specifically eluted with LiCl) was in the same range (1 -2 . 5 mg g 21 dry CW) as that previously determined when eluting with NaCl (Alexandre et al., 1997) . In control plants, the protein yield decreased with age mainly due to the CW mass increase A theoretical total Lupmet was obtained using degenerate primers designated as the most common sequences within the three Lupme genes.
( Table 2 ). In 10-d Cd-treated hypocotyl, the yield was similar to the 10-d control despite of the greater CW mass in Cd, indicating that Cd treatment induced a parallel increase of both CW polysaccharides (which consisted of the main component of CW) and proteins. Then in 18-d Cd-treated seedlings, the protein yield and CW mass remained about constant as compared with 10-d Cd-treated seedlings. The SDS -PAGE silver-stained protein pattern was strongly affected by the presence of Cd (Fig. 1) . The most obvious changes were detected in the range of 50-60 kDa at 10 d and within a couple of bands between 42 and 48 kDa at 18 d. Other minor varying bands were in the range of 30-36 kDa. All of these silver-stained bands were also labelled by anti-fucose/xylose antibodies (data not shown) and principally contained, according to Lerouge et al. (1998) , proteins that were CW specific.
Among the scored proteins, the highest number of peptides identified by LC/MS/MS analysis derived from the Lu-EP1 secreted protein (Table 3) , a protein commonly found among ionically CW-bound proteins of flax. Other peptides of interest in the present study originated from pectin esterase, PME and PER. In the presence of Cd, a high number of FlxPER3 peptides specifically appeared with very high score of confidence. Also, four peptides specific to LuPME5 were clearly identified in Cd-treated hypocotyls.
PME activity
Whatever the growth conditions, the activity of ionically bound PME in flax hypocotyl was estimated within the range of 0 . 5-1 . 7 mkatal g 21 of dry CW and there was a decrease of about 40 % at 18 d as compared with 10 d (Table 2 ). The decrease in control seedlings was mainly related to the increase of the CW mass. Importantly, in the presence of Cd, PME activity increased relative to controls at both 10 d and 18 d. However, when expressed as specific activity, the PME level increased (by 81 %) with Cd at 10 d while it slightly decreased at 18 d. This result indicates that the impact of Cd on the PME activity enhancement mainly occurred at 10 d.
After isofocusing, up to five isoforms of PME were detected with isoelectric points from 7 to .9 . 5: namely neutral (N1 and N2), moderately basic (containing B1a and B1b) and basic (B2) forms ( Fig. 2A, B) . As previously reported, B1a and B1b were the main isoforms carrying PME activity (Alexandre et al., 1997) ; the former being found mainly in the inner tissues while the latter was rather specific to the cortical tissues. Interestingly, a decrease of ruthenium-redcoloured B1b in the presence of Cd was observed in the pectin -agarose gel mainly at 10 d (Fig. 2B) . Such behaviour was barely observed on the acrylamide IEF gel, due to the highly saturated staining (Fig. 2A) . On the other hand, the B2 isoform was described as a highly regulated protein since, within a same region of the hypocotyl, it could be alternatively up-or down-regulated over the period 3 -10 d of growth (Al-Qsous et al., 2004) . In the present study, at 10 d, when cell elongation had just ceased and cell expansion was in progress, the staining of the B2 isoform markedly increased when the plants were grown in the presence of Cd. Conversely, at 18 d, whatever the conditions, the B2 isoform could be hardly detected.
Altogether, the data indicated that the Cd-induced increase of PME activity at 10 d originated, at least partly, from a B2 isoform. The decrease in PME activity between 10 d and 18 d must therefore originate at least in part from a turnover of the B2 isoform.
Expression of Lupme genes
In flax, only three genes encoding PME, named Lupme1, 3 and 5, have thus far been found to be expressed in the hypocotyl. This appears to be a relatively low number compared with the 30 putative PME genes that have been reported to be expressed in whole arabidopsis seedlings (Bosh and 
Cell-wall yield (%) 3 . 4 + 0 . Hepler, 2005). However, the post-germinative hypocotyl is an unusual organ with almost no cell division, which might explain the low number of expressed PME. Indeed, in hypocotyls (etiolated) of arabidopsis only six PME proteins were identified (Irshad et al., 2008) . Among them, AtPME2 and 3 (Micheli et al., 1998) , shared the highest identity with LuPME3 and 5. In order to assess a role for these specific Lupme genes in the regulation of the methylesterification of pectins during the Cd-mediated axis reorientation of flax hypocotyl, their mRNA expression was analysed using three specific primers. The expression of Lupme1, 3 and 5 was compared with that of a theoretical total Lupme (indexed with t), as obtained when using degenerate primers designated as the most common sequences within these three genes, and being, according to Markovic and Janecek (2004) , characteristic of PME signature. Figure 2C indicates that the expression of Lupmet was the highest at 10 d in control seedlings. A similar expression pattern was found with Lupme1, although much more contrasted. On the other hand, the expression of Lupme3 was maximal at 18 d (with or without Cd), while that of Lupme5 appeared relatively low whatever the day of culture of the control seedlings. When the seedlings had been grown in the presence of Cd, the expression of Lupme1 decreased, while that of Lupme5 was enhanced and that of Lupme3 was unaffected. The up-regulation of Lupme5 was maximal at 10 d.
According to Al-Qsous et al. (2004) , the gene Lupme5 codes for the B2 isoform. Consequently, at 10 d in the presence of Cd, the increase in B2 activity was correlated with an induction of Lupme5 transcripts. At 18 d, the decline of B2 isoform was related to both the under regulation of Lupme5 and to the turnover of the protein.
PER activity
CW PER activity was estimated in the range of 64 -200 nkatal g 21 dry CW, the activity being much higher at 18 d (Table 2 ). In the presence of Cd, the activity was stimulated particularly at 18 d. Proteins (60 mg from a mix of 10-and 18-d-old seedlings grown with or without Cd) were submitted to SDS-PAGE; after coloration with Comassie blue, the bands were excised and tryptically digested. The mass range of the band was estimated from the marker position. Theorical mass corresponded from the amino acid sequence without glycan.
* Notes corresponded to BLAST result: 'a', multicopper oxidase, putative (Ricinus communis), pectinesterase (Annona cherimola), sks5 (SKU5 Similar 5); copper ion binding/oxidoreductase (arabidopsis); 'b', pectin methylesterase (Musa acuminata) AAA group, pectinesterase-3 precursor, putative (Ricinus communis); 'c', pectinesterase (Annona cherimola), multicopper oxidase, putative (Ricinus communis).
After isofocussing electrophoresis and activity staining either in the presence of gaïacol (Fig. 3A) or chloronaphthol (Fig. 3B) , three main groups of PER isoforms (based on pI) were evident. From 16 isoforms that have been attributed to normal or stressed flax cells and plants (Bruyant et al., 1996; Gerhardt and Fieldes, 1999) , four acidic bands (out of six), one neutral band (out of the four specifically identified in flaxcell culture medium) and three basic forms (out of six) could be detected. The anionic forms (A) and one or two low-basic forms (Ba) were revealed with gaïacol while the neutral band (N) and the faint basic one (Bb) were most reactive with chloronaphthol. In control seedlings, the staining was generally low at 10 d (apart from the main acidic one) while the main bands A, N and Ba were clearly contrasted at 18 d.
When the seedlings were grown in the presence of Cd, the staining of the two isoforms Ba and N was particularly reinforced at 18 d. The main anionic form (around pH 4) was Cd-inhibited at 10 d and Cd-stimulated at 18 d. The basic form Bb was detected mainly at 18 d with Cd.
Expression of PER genes
To date, four sequences have been reported for flax PER genes, Flxper1 -4 (Omann et al., 1994; Omann and Tyson, 1996). Flxper1 encodes an anionic polypeptide specifically expressed in stem, possibly associated with membranes. Flxper2 is a pathogenesis-related protein.
No additional functional information is available about Flxper3 and 4. In arabidopsis, the genome contains an estimated 73 genes encoding Class III PERs, of which, only nine were identified within CW of etiolated hypocotyl (Irshad et al., 2008) ; Flxper1 shares 54-55 % identity with At3g32980, At3g49110 and At3g49120 while Flxper3 presents 64 % identity with At1g71695.
Using specific primers to identify Flxper1 -4 cDNA, differential expression was found between 10 d and 18 d and in the presence of Cd (Fig. 3C) . Despite the use of several primers, Flxper4 expression could be hardly detected. The signal intensity increased slightly at 18 d when the plantlets had been grown in the presence of Cd. Flxper2 expression was relatively constant whatever the growth conditions. Flxper3 expression was the highest at 10 d in control seedlings and highly stimulated in the presence of Cd but at 18 d. Flxper1 was the most variable gene being low-expressed in control seedlings and stimulated in the presence of Cd.
Overall, Flxper1 and 3 were particularly up-regulated in the presence of Cd at 18 d . In the same conditions, the two major isoforms were Ba and N. Both sets of data fit with the PER activity data. Interestingly, the highest number of peptides identified in the presence of Cd corresponded to FlxPER3 (Table 3) .
DISCUSSION
Two main conclusions can be drawn from the present PME data. Firstly, a decrease of activity was observed with increasing hypocotyl age, which paralleled the decreased abundance of both Lupme1 and 5 and the IEF isoform B2. Isoform B2 protein has been reported to be encoded by Lupme5 (Al-Qsous et al., 2004) . Hence the specific decline of the isoform B2 with age and the expansion of the organ was due to a high protein turnover and, to some extent, to a decrease in transcript expression of Lupme5. Conversely, Lupme3, which was shown to be specific to vascular tissue in the hypocotyl (Roger et al., 2001) , increased in abundance with age. On the other hand, the decreased abundance of Lupme1 could not yet be related to a particular PME. Studying the PME activity pattern in flax hypocotyl, Alexandre et al. (1997) located the B2 isoform in cortical tissues. In the future it would be worthwhile to separate cortical and vascular tissues in order to check whether the 40 % decrease of PME was specific to cortical tissues.
Secondly, a significant impact of Cd on PME activity has been shown through an enhancement occurring mainly at 10 d and that was partly maintained at 18 d. At 10 d, an overregulation of Lupme5 and a specific increase in B2 isoform were also noted. Al-Qsous et al. (2004) underlined the high spatio-temporal variability of Lupme5 expression during the elongation of the hypocotyl, relating the over-regulation of the gene to cell maturation. They also noted a particular behaviour at 10 d, with a new increase of Lupme5 in the hypocotyl basal part where tissues are extensively expansing, while almost no expression was detected in the middle part. In the presence of Cd, B2 isoform was detected in the middle part of the hypocotyl at 10 d. Thus, the impact of Cd would not only increase the hypocotyl expansion level (Douchiche et al., 2007) , but also accelerate the expansion initiation. Further kinetics data are needed to check whether and when such a process occurs in the middle part of an untreated hypocotyl.
Below, it is discussed whether the variation of B2 observed here was related to the Cd-induced modifications of HGA structure reported by Douchiche et al. (2007) . A sharp decrease in JIM7 gold-labelling (specific to high methylesterified HGAs) was observed by Douchiche (2006) in the junctions of cortical tissues, not only at 18 d but also at 10 d. As the impact of Cd on B2 isoform is maximum at 10 d, it is hypothesized that part of the Cd-induced de-esterification of HGAs observed in these domains was catalysed by this particular activity.
In the context of metal stress, it is interesting to note the 60 % identity of Lupme5 with the At3g14310 PME gene whose expression was up-regulated in the presence of Hg (Heidenreich et al., 2001) . Moreover, B2 had been measured in abundance in the wall of cell suspension and callus of flax, which might also be related to stress impact (Gaffé et al., 1992) .
According to the nomenclature of Markovic and Janecek (2004) the gene Lupme5 is of type I, with a PME inhibitor domain in the N-terminal part. Following Al-Qsous et al. (2004) , B2 could represent the so-called mature enzyme (34 -37 kDa) while one B1 isoform could be the pro-protein (60 kDa after SDS-PAGE). The two isoforms B1b and B2 being localized in cortical tissues (Alexandre et al., 1997) , the Cd-related increase of B2 activity at 10 d might be due to the partial proteolysis of B1b whose decrease was observed at 10 d in pectin-agarose. Actually, four peptides specific to the LuPME5 sequence were identified from SDS -PAGE electrophoresis, in the range of 30-34 kDa, specifically from the Cd-treated hypocotyl. A few peptidases were found to be up-regulated in arabidopsis roots exposed to Cd (Roth et al., 2006) or Al stress (Kumari et al., 2008) . No peptidase sequence was identified after SDS -PAGE. Microarray experiments are under way (M. J. Roach and M. K. Deyholos, University of Alberta, Canada, pers. comm.) which might provide evidence of the up-regulation of such an endopeptidase.
However, this hypothesis does not fit the conclusion of Wolf et al. (2009) , indicating that maturation of type I PMEs inside the secretory pathway would be required for their secretion in the CW. Alternatively, the isoform B1b could be encoded by another gene to that of Lupme5 and could have another role to that of B2 in seedling response to Cd at 10 d, possibly in the opposite redistribution of high-methylesterified and lowmethylesterified HGAs in the epidermis (Douchiche et al., 2007) . Interestingly, the strong decrease in the JIM5 labelling (specific to low methylesterified HGAs) occurred specifically at 10 d in the inner part of the external tangential wall of the epidermis (Douchiche, 2006) . The data indicated a local reduction in PME activity, which can be possibly related to the decrease in cortical isoform B1b. No antibodies specific to this isoform which would allow this hypothesis to be checked are available yet.
In this study, Class III PERs were also investigated because their functions in plants have been identified to be important in cell maturation and tissue differentiation (Gaspar et al., 1985; Passardi et al., 2004) . Goldberg et al. (1986) observed active PERs in the epidermis at the end of the elongation phase.
The present data in flax pointed out that PER activity increased not only with age but also in the presence of Cd. Also, Gerhardt and Fieldes (1999) related the effect of Cd on PER activity and isoform distribution to seedling ageing. The relationship of CW PER to abiotic stress has been reported in plants other than flax, although the isoform pattern has not often been described (McDougall, 1993; Lin and Kao, 1999; Lee et al., 2007; Jouili et al., 2008; Verma et al., 2008) . In arabidopsis, 14 of the 73 genes encoding PER of class III are related to metal stresses (Cosio and Dunand, 2009) . Among them, the gene At3g49120 was also identified in arabidopsis hypocotyl CW (Irshad et al., 2008) and shares 55 % identity with Flxper1. On the other hand, Flxper1-4 have ,40 % identity with two PERs (At5g64100 and At4g30170) which were responsive to Al in the root (Kumari et al., 2008) .
The increase in PER activity that occurred at 18 d was accompanied by increased transcript abundance of Flxper1 and 3 as well as an enhancement of Ba and N isoforms. This warrants a consideration of their possible role in Cd-induced cross-linking of HGAs which was biochemically shown to occur in the cortical tissue (Douchiche et al., 2007) . The PER temporal regulation appeared complementary to that of PME, suggesting a cross-linking of HGAs by PER within the CW once the redistribution of the methylester of HGAs had been set by PME. Calcium-bridged HGAs have been reported to bind a particular class III PER and to initiate polysaccharide covalent cross-linking (Penel and Greppin, 1996) . According to the authors, calcium pectates do not behave like a simple cation exchanger retaining basic isoforms since the most basic ones of zucchini do not bind them. Experiments should be run with the Cd-induced N and Ba isoforms in order to test the hypothesis. On the other hand, Carpin et al. (2001) show that the binding of a soluble anionic PERs resulted from electrostatic interactions between the positive charges of arginines and the negative charges of the pectates, possibly reinforced by calcium bridges between both anionic moities. Although the main anionic isoform of flax hypocotyl appeared relatively constant whatever the samples, we cannot exclude that Cd-modulated minor anionic isoforms might be involved in such interactions with calcium pectates.
As far as the genes are concerned, it was found that Flxper1 and 3 shared significant identities (55 and 64 %, respectively) with two arabidopsis genes (At3g32980 and At1g71695, respectively), known to bind calcium-bridged HGAs (Dunand et al., 2002; Shah et al., 2004) . Interestingly, the highest number of peptides identified in the LiCl extract collected from Cd-treated seedlings corresponded to Flxper3. None of these sequences has definitively been correlated with specific isozymes yet.
Altogether, the present data support the hypotheses raised by Douchiche et al. (2007) on the role of PME and PER in the Cd-induced alterations of structural features of HGAs in flax hypocotyl. The pectin remodellings, both in charges and in extractibility, would reinforce the cell cohesion during the Cd-induced swelling and maintain the toxic cation within the most external CW domains. Interestingly, the cell machinery mobilized in these particular remodellings resembles the one usually involved for its expansion, which consists of one adaptative response to the metallic stress.
